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0 Pneumaticaiiy powered actuator witfi hydrauilc latching. 



0 An axially reciprocable working piston (40) has 
opposed working surfaces (42,46) facing opposed 
working chambers (14,15) which are intermittently 
connected to respective cavities (12,20) pressurized 
with compressed air. The working piston (40) is 
connected to opposed seating pistons (43,47) which 
cut off the connection between the cavity (12) and 
working chamber (14,20) behind the advancing pis- 
ton (40) and establish the connection in front of the 
piston (40), thereby conserving compressed air and 



storing potential energy for return movement of the 
piston (40). 

In either of two stable positions the woricing 
piston (40) is hydraulically latched by fluid admitted 
to a respective chamber (27) from another chamber 
(28) through a two-way check valve (70). The check 
valve (70) is electronically switched on commend to 
reverse the flow direction of the hydraulic fluid, 
thereby Initiating movement between opposed stable 
positions. 
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Background of the invention 

The present invention relates to a bistable 
straight line motion actuator mechanism of a type 
suitable for actuating a poppet valve in an internal s 
combustion engine. More particularly, the invention 
relates to an electronically controlled, pneumati- 
cally powered actuator which Is hydraulically 
latched. 

An actuator mechanism of the above described io 
type is disclosed in U.S. Patent No. 5.022.359. 
which patent is incorporated herein by reference. 
This patent gives a thorough discussion of prior art 
actuators, particularly pneumatically powered ac- 
tuators with energy storage schemes for converting 15 
kinetic energy to potential energy using com- 
pressed air. Virtually all of the prior art actuators 
discussed in the patent use some type of magnetic 
latching for holding the actuator in one of two 
stable positions. 20 

U.S. Patent No. 5.022.359 discloses a mecha- 
nism which uses a low air pressure (about 10 psi) 
to hold a wortcing piston in its first stable position 
(engine valve closed). When a magnetic control 
valve is electronically switched, high air pressure 25 
(about 100 psi) drives the piston toward its second 
stable position compressing the air in front of it. 
This motion admits hydraulic fluid to an expansion 
chamber via a ball check. When the piston reaches 
its second stable position, the control valve has 30 
retumed to its Initial state, cutting off the air supply, 
and the compressed air behind the piston is re- 
leased to atmosphere. The air in front of the piston 
is fully compressed, but the ball check closes and 
hydraulic fluid in the expansion chamber prevents 35 
motion back toward the first stable position, there- 
by maintaining the engine valve open. At the con- 
clusion of the valve dwell, an electronically con- 
trolled magnetic plunger forces the ball check 
open, and the compressed air (stored potential 4o 
energy) forces the piston back toward its first sta- 
ble position. Air is compressed in front of the 
moving piston to dampen its motion, but this air is 
released just as the piston reaches its first stable 
position. 45 

The actuator mechanism disclosed in U.S. Pat- 
ent No. 5,022,359 represents an improvement over 
the prior art insofar as externally derived propulsion 
air is used only to open the engine valve, and not 
to close it. The compressed air consumed is there- so 
fore decreased to about half the air consumed in 
prior pneumatically powered systems. However, 
two separately controlled magnetic mechanisms, 
one for the air control valve and one for the plunger 
to release the ball check, are require. Since the air 55 
control valve is rather large, a large electromag- 
netic latch is required. Further, due to the time 
required to pressurize the piston with air, after the 



control valve is switched, the response time is stow 
and not suited to use at high RPM. 

Summary of the invention 

The present invention provides a fully symmet- 
ric actuator mechanism wherein a working piston is 
pneumatically driven by opposed sources of com- 
pressed air in two opposed directions, and hydrau- 
lically latched in opposed stable positions by a two 
position hydraulic latch which is the sole electron- 
ically controlled component. 

The latch is in effect a two-directional check 
valve which in each position admits fluid to a 
respective hydraulic chamber to prevent reverse 
movement of the working piston. When the check 
valve is electronically switched, hydraulic fluid 
passes between the two hydraulic chambers and 
the latch is released, penmitting one of the sources 
of compressed air to drive the working piston as a 
working chamber behind the piston expands. As 
the piston moves, the source of compressed air 
connected to the expanding working chamber is 
cut off. Shortly after this, the compressed air ex- 
panding in the woriring chamber is exhausted 
through ports exposed by the piston. Meanwhile, 
air is compressed in a working chamber in front of 
the piston, which working chamk)er is connected to 
another source of compressed air in the final stage 
of movement. This provides damping for the piston 
without any additional loss of air or air pressure. 

The two sources of compressed air are actually 
just cavities connected to a single source of air 
which replenishes air lost from an expanding work- 
ing chamber through the exhaust ports after work is 
done. The small amount of make-up air is provided 
when each cavity is connected to its working 
chamber by action of the advancing piston. 

The actuator according to the invention is sim- 
pler than the prior art insofar as only one electron- 
ically actuated magnetic latch is needed. Since this 
latch is only moving a low mass valve of the two- 
way check valve, the magnets are relatively small 
as compared to most prior art arrangements. Due 
to the low mass of the check valve, response times 
are relatively fast. 

The two-way check valve provides for a very 
positive hydraulic latching in both stable positions, 
and at the same time permits a very fast response. 
That is, in addition to the low mass, the high 
pneumatic pressure on the main piston faces in the 
latched condition provides for a rapid commence- 
ment of movement when tiie check valve is re- 
versed on electronic command. 

Due to the compressed air urging the working 
piston and the slight compressibility of the hydrau- 
lic fluid used in latching, the engine valve tends to 
become slightly unseated when closed. This prob- 
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lem is addressed by a novel cinching arrangement 
wherein the engine vaive is connected to the work- 
ing piston through spring means which cause it to 
remain fully seated. More particularly, the valve 
stem is received through a bore in the working 
piston and attached to a seating piston in a small 
pneumatic chamber in the piston. This chamber is 
connected to high pressure air only when the en- 
gine valve is closed, causing it to be fully seated 
regardless of compression of hydraulic fluid and 
differential expansion of engine parts. In addition to 
this pneumatic force there is also a spring in this 
chamber. 

Brief description of the drawings 

Rgure 1 is a side section view of the actuator in 
its first stable position (engine valve closed); 
Figure 2 Is a side section view showing the 
working piston being pneumatically driven to- 
ward its second stable position; 
Figure 3 is a side section view showing the 
actuator in its second stable position (engine 
valve open). 

Detailed description of the preferred embodiment 

Referring to Rgure 1. the basic components of 
the actuator are the housing 10, pneumatically 
driven working piston 40. hydraulic latching piston 
60, a magnetically driven two way check valve 70 
for the hydraulic fluid, and the engine valve 80. 

The housing 10 has first and second pneumatic 
pressure cavities 12, 20 which are connected to a 
source of high pressure air at 100 psi. In between 
the cavities 12. 20 are first and second woricing 
chambers 14, 15 having a common sleeve 16. As 
the working piston 40 reciprocates in sleeve 16, the 
first cavity 12 communicates intermittently with first 
working chamber 14 and the second cavity 20 
communicates intermittently with the second work- 
ing chamber 15. In the position of Figure 1, the first 
cavity 12 is cut off from the first working chamber 
14, which is vented to atmosphere by exhaust 
ports 17. The second cavity 20 is connected to 
second working chamber 15 so that the piston 40 
is pneumatically loaded toward the right. The total 
volume of the two working chambers 14, 15 is 
constant. 

The second cavity 20 is connected to a make- 
up chamber 22 by a galley 21; a flexible dia- 
phragm 23 separates the chamber 22 into a pneu- 
matic portion 22a and a hydraulic portion 22b. A 
spring and ball type check valve 25 permits hy- 
draulic fluid to pass from chamber portion 22a to a 
first hydraulic chamber 27, but not in the opposite 
direction. The first hydraulic chamber 27 is sepa- 
rated from a second hydraulic chamber by a port 



30 in which the two way check vah/e 70 recipro- 
cates, and a hydraulic latching piston 60 which is 
fixed relative to pneumatic piston 40. The volumes 
of the first and second hydraulic chambers 27. 28 
5 vary as the piston 60 reciprocates, but their total 
volume remains constant. 

The check valve 70 is fixed to a stem 74 which 
carries an armature disc 78 which is reciprocable in 
a gap 36 between a first permanent magnet 32 and 
10 a second permanent magnet 34. Each magnet 32. 
34 is associated with a respective coil 33. 35 which 
can t>e energized to induce a magnetic field oppos- 
ing the associated permanent magnet when it is 
desired to shift the check valve 70. 
T5 Looking at the woricing piston 40 in greater 

detail, it has a first wort<ing surface 42 facing the 
first woricing chamber 14 and spaced from a first 
sealing piston 45 by a constriction 43 and a shoul- 
der 44. A second woricing surface 46 facing second 
20 woricing chamber 15 is spaced from a second 
sealing piston 50 by a second constriction 47 and a 
secx)nd shoulder 48. The sealing pistons 45, 50 
pass through respective seals 13. 18 as the woric- 
ing piston 40 reciprocates to effect communication 
25 between cavities 12. 20 and respective woridng 
chamljers 14. 15. A seal 49 on the outer circum- 
ference of the piston 40 engages the sleeve 16 to 
seal the working chambers from each other. 

The second sealing piston 50 has a internal 
30 bore 51 which is divided into a spring chamber 52 
and a vented chamber 54 by a reciprocable seating 
piston 87. A galley 53 extends between chamber 
52 and constriction 47 so that spring chamber 52 
will always have the same pneumatic pressure as 
35 second working chamber 15. The opposite end of 
bore 51 is enclosed by a fixed disc 55 having a 
vent 56 to chamber 38 at atmospheric pressure. A 
stem 58 fixed at its one end to disc 55, is fixed at 
its other end to hydraulic piston 60. 
40 The engine valve 80 is integral to a stem 83 

which is slideably received through a central bore 
41 in woricing piston 40 and fixed at its other end to 
seating piston 87. A diaphragm spring 88 in tiie 
spring chamber 52 and the pneumatic pressure 
46 from galley 53 urge the piston 87 leftward to keep 
ttie engine vah^e 80 against its seat 82. 

In the position of Rgure 1. the working piston 
40, the hydraulic piston 60. the two way check 
valve 70, and the engine valve 80 are all in tiieir 
50 first stable positions. Pneumatic pressure in the 
second working chamber 15 urges the working 
piston 40 toward its second stable position 
(rightward), but the hydraulic fiuid in first hydraulic 
chamber 27 prevents the hydraulic piston 60 from 
55 moving rightward. Since the second woricing sur- 
face 46 of piston 40 is considerably larger than the 
first surface 62 of the piston 60, the hydraulic 
pressure in first hydraulic chamber 27 is larger 
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than the pneumatic pressure in chamber 15 by the 
same ratio as the surface areas. Typically, the 
hydraulic pressure in chamber 27 reaches 2500 psi 
against the 100 psi pneumatic pressure. While the 
hydraulic fluid is slightly compressible, the engine 
valve 80 remains seated by virtue of the spring 
force on seating piston 87. 

When the desired valve timing dictates opening 
the engine valve 80. the engine computer causes 
an electrical pulse to energize the first coil 33, 
thereby overriding the first permanent magnet 32 
and allowing the second permanent magnet 34 to 
draw the armature 78 leftward. This shifts the 
check valve 70 in port 30 to the position shown in 
Rgure 2; the central bore 75 permits the 100 psi 
hydraulic pressure in second chamber 28 to prevail 
through the stem 74. However, the pressure in the 
first hydraulic chamber 27 is considerably greater 
by virtue of the pneumatic pressure on second 
surface 46 of the working piston. This pressure 
differential overrides the magnetic attraction suffi- 
ciently to unseat the check valve 70 in port 30 so 
that the hydraulic pressure tends to equalize in 
both the first and second hydraulic chambers 27, 
28. If it falls below 100 psi. makeup fluid is ad- 
mitted from chamber 22 by check valve 25. 

Refenring still to Rgure 2, the drop in hydraulic 
pressure against the first surface 62 of piston 60 
allows the 100 psi pneumatic pressure in second 
working chamber 15 to drive working piston 40 
toward its second stable position (rightward) thus 
opening engine valve 80. The second pressure 
cavity 20 remains in communication with working 
chamber 15 until the shoulder 48 on second seal- 
ing piston 50 enters the second sleeve 18, where- 
upon the pressure in the second working chamt)er 
15 decreases due to the expanding volume. In the 
position shown, the piston 40 has just reached the 
exhaust ports 17 so that ambient pressure prevails 
in the second working chamber 15. Meanwhile, the 
pneumatic pressure in first chamber 14 increases, 
converting the kinetic energy of the working piston 
into potential energy of the compressured air. In 
the position shown, the first shoulder 44 has just 
cleared tiie rust sleeve 13, so that the 100 psi 
source pressure in first cavity 12 prevails in the 
first working chamber 14 during the remainder of 
the piston movement. While 100 psi is greater than 
the ambient pressure in chamtier 15, the momen- 
tum of the working piston and the engine valve 
continues to carry the assembly rightward moving 
the high pressure air in chamber 14 to chamber 12 
as well as compressing the coil spring 85 inside 
first sealing piston 45. This provides additional 
damping and storage of potential energy. In a 
properly balanced system, the source pressure and 
the spring compression will bring the piston 40 to a 
halt without any impact. 



In the position of Rgure 3, tiie working piston 
40, ttie hydraulic piston 60. the two way check 
valve 70, and the engine vaWe 80 are all in their 
second stable positions. The pneumatic pressure in 
5 first cavity 12 and first working chamber 14 acts on 
first working surface 42 to urge the piston 40 
toward its first stable position (leftward), and the 
loaded coil spring 85 compounds this force. How- 
ever, tiie hydraulic fluid in the second hydraulic 
10 chamber 28 cannot escape through valve 70, and 
thus acts to latch the engine valve open. Now the 
pressure in second chamfc)er 28 is considerably 
higher than that in first chamber 27, e.g. 2500 psi 
vs. 100 psi, due to the large area of first working 
75 surface 42. Note that the pressure in spring cham- 
tier 52 is atmospheric by virtue of its connection to 
second working chamt>er 15 via galley 53. How- 
ever, leftward travel of engine valve 80 is prevented 
by shoulder 84 on stem 83. 
20 The components will remain in the position of 
Rgure 3 for the dwell period of the engine valve 
80. whereupon tiie engine computer will cause an 
electrical pulse to energize the second coil 35. 
thereby overriding the second permanent magnet 
26 34 and allowing the first permanent magnet 32 to 
draw the armature 78 toward its first stable position 
(rightward). The hydraulic pressure in second hy- 
draulic chamber 28 is balanced witii tiie pressure 
on the end 76 by virtue of bore 75, and does not 
30 present any impedance to movement. 

The foregoing description omits some details 
which would be apparent to one skilled in the art 
from an examination of the drawings. For example, 
the housing 10 has been cast in several sections 
35 as would be necessary for machining of internal 
surfaces and insertion of sleeves and seals. The 
description is exemplary and not intended to limit 
the scope of the claims. 

40 Claims 

1. A symmetric bistable pneumatically powered 
actuator mechanism comprising 

a worthing piston reciprocable in opposed 
45 first and second directions toward respective 

first and second stable positions, 

pneumatic means for causing translation of 
said piston in said opposed first and second 
directions, and 
50 hydraulic latching means for latching said 

piston in said first stable position against an 
opposing force provided by said pneumatic 
means, and for latching said piston in said 
second stable position against an opposing 
55 force provided by said pneumatic means. 

2. A mechanism as in claim 1 wherein said latch- 
ing means comprises a two-way check valve 
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connecting first and second hydraulic cham- 
bers which contain hydraulic fluid for latching 
said piston in respective first and second sta- 
ble positions, said valve being reciprocable 
between a first position, wherein hydraulic fluid s 
can flow from said second hydraulic chamber 
to said first hydraulic chamber but not vice 
versa, and a second position, wherein hydrau- 
lic fluid can flow from said first hydraulic 
chamber to said second hydraulic chamt>er but io 
not vice versa. 

3. A mechanism as in claim 2 further comprising 
means for causing reciprocation of said two- 
way check valve between first and second ts 
positions on command. 

4. A mechanism as in claim 3 wherein said 
means for causing reciprocation comprises 

a stem fixed to said valve. 20 
an armature fixed to said stem, 
first and second magnetic means defining 
an air gap therebetween, said armature t>eing 
reciprocable on command fc>etween said first 
and second magnetic means. 25 

5. A mechanism as in claim 4 wherein said stem 
is provided with a bore therethrough for equal- 
izing hydraulic pressure at opposite ends of 

said stem. 30 

8. A mechanism as in claim 1 wherein said pneu- 
matic means further comprises 

a first source of compressed air for caus- 
ing translation of said piston in said first direc- 35 
tion, and 

a second source of compressed air for 
causing translation of said piston in said sec- 
ond direction. 

40 

7. A mechanism as in claim 4 wherein said pneu- 
matic means comprises 

first working chamt)er means for com- 
pressing air as said piston translates in said 
second direction, thereby providing damping 45 
as said piston approaches said second stable 
position, and 

second working chamber means for com- 
pressing air as said piston translates in said 
first direction, thereby providing damping as so 
said piston approaches said first stable posi- 
tion. 

8. A mechanism as in claim 7 further comprising 

means for connecting said first working 55 
chamber to said first source of compressed air 
as said piston approaches said second stable 
position, and 



means for connecting said second working 
chamber to said second source of compressed 
air as said piston approaches said first stable 
position. 

9. A mechanism as in claim 8 wherein 

said means for connecting said first work- 
ing chamber to said first source of compressed 
air, further serves to isolate said first working 
chamk)er from said first source of compressed 
air as said piston approaches said first stable 
position, and 

said means for connecting said second 
working chamber to said second source of 
compressed air, further serves to isolate said 
second working chamber from said second 
source of compressed air as said piston ap- 
proaches said second stable position. 

10. A mechanism as in claim 8 further comprising 
exhaust means for exhausting air from said 
first working chamber as said wori<ing piston 
approaches said first stable position, and for 
exhausting air from said second working cham- 
ber as said working piston approaches said 
second stable position. 

11. A mechanism as in claim 6 wherein said worth- 
ing piston has a bore connected to a spring 
chamber, said mechanism further comprising 

an engine valve fixed to a stem passing 
through said bore, said engine valve being 
closed when said working piston is in said first 
stable position. 

a seating piston fixed to said stem in said 
spring chamt>er, and 

means connecting said spring chamber to 
said second source of compressed air when 
said working piston is in said first stable posi- 
tion, thereby providing a force on said seating 
piston for seating said engine valve. 

12. A mechanism as in claim 1 further comprising 

an engine valve movably coupled to said 
working piston, said engine valve being closed 
when said woricing piston is in said first stable 
position, and 

means urging said engine valve in said 
second direction when said working piston is in 
said first stable position, thereby providing 
positive seating for said engine valve. 

means further consisting of a spring to aid 
said air pressure in providing positive seating. 

13. A mechanism as in claim 12 wherein said 
working piston has a bore connected to a 
spring chamber, said engine valve being fixed 
to a stem passing through said bore, said 
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means, urging said engine valve in said first 
direction comprising a seating piston fixed to 
said stem in said spring chamt>er and a source 
of compressed air connected to said spring 
chamt)er wtien said woricing piston is in said 5 
first stable position. 

14. A mechanism as in claim 1 further comprising 

a make-up reservoir for supplying hydrau- 
lic fluid to said hydraulic latching means, and io 

means for pressurizing said make-up res- 
ervoir by air pressure from said pneumatic 
means. 

15. A symmetric bistable pneumatically powered is 
actuator mechanism comprising 

a working piston reciprocable in opposed 
first and second directions toward respective 
first and second stable positions, 

pneumatic means for causing translation of 
said piston in said opposed first and second 
directions, 

first working chamber means for com- 
pressing air as said piston translates in said 
second direction, thereby providing damping 
as said piston approaches said second stable 
position, and 

second working chaml)er means for com- 
pressing air as said piston translates in said 
first direction, thereby providing damping as 30 
said piston approaches said first stable posi- 
tion. 



ia A mechanism as in claim 16 further comprising 
exhaust means for exhausting air from said 
first working chamber as said woricing piston 
approaches said first stable position, and for 
exhausting air from said second woridng cham- 
ber as said woridng piston approaches said 
second stable position. 

19. Internal combustion engine comprising a sym- 
metric bistable pneumatically powered actuator 
mechanism as claimed in one of the claims 1 
to 14. 

20. Intemal combustion engine comprising a sym- 
metric bistable pneumatically powered actuator 
mechanism as claimed in one of the claims 15 
to 18. 
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16. A mechanism as in claim 15 furttier comprising 

means for connecting said first working 35 
chamber to said first source of compressed air 
as said piston approaches said second stable 
position, and 

means for connecting said second working 
chamber to said second source of compressed 4q 
air as said piston approaches said first stable 
position. 

17. A mechanism as in claim 16 wherein 

said means for connecting said first work- 45 
ing chamber to said first source of compressed 
air, further serves to isolate said first working 
chamber from said first source of compressed 
air as said piston approaches said first stable 
position, and so 

said means for connecting said second 
working chamber to said second source of 
compressed air, further serves to isolate said 
second working chamk)er from said second 
source of compressed air as said piston ap- 65 
preaches said second stable position. 
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